One of the key unmet needs to improve long-term outcomes of heart transplantation is to develop accurate, noninvasive, and practical diagnostic tools to detect transplant rejection. Early intragraft inflammation and endothelial cell injuries occur prior to advanced transplant rejection. We developed a novel diagnostic imaging platform to detect early declines in microvascular perfusion (MP) of cardiac transplants using contrast-enhanced ultrasonography (CEUS). The efficacy of CEUS in detecting transplant rejection was tested in a murine model of heart transplants, a standard preclinical model of solid organ transplant. As compared to the syngeneic groups, a progressive decline in MP was demonstrated in the allografts undergoing acute transplant rejection (40%, 64%, and 92% on days 4, 6, and 8 posttransplantation, respectively) and chronic rejection (33%, 33%, and 92% on days 5, 14, and 30 posttransplantation, respectively). Our perfusion studies showed restoration of MP following antirejection therapy, highlighting its potential to help monitor efficacy of antirejection therapy. Our data suggest that early endothelial cell injury and platelet aggregation contributed to the early MP decline observed in the allografts. High-resolution MP mapping may allow for noninvasive detection of heart transplant rejection. The data presented have the potential to help in the development of next-generation imaging approaches to diagnose transplant rejection.
One of the key unmet needs to improve long-term outcomes of heart transplantation is to develop accurate, noninvasive, and practical diagnostic tools to detect transplant rejection. Early intragraft inflammation and endothelial cell injuries occur prior to advanced transplant rejection. We developed a novel diagnostic imaging platform to detect early declines in microvascular perfusion (MP) of cardiac transplants using contrast-enhanced ultrasonography (CEUS). The efficacy of CEUS in detecting transplant rejection was tested in a murine model of heart transplants, a standard preclinical model of solid organ transplant. As compared to the syngeneic groups, a progressive decline in MP was demonstrated in the allografts undergoing acute transplant rejection (40%, 64%, and 92% on days 4, 6, and 8 posttransplantation, respectively) and chronic rejection (33%, 33%, and 92% on days 5, 14, and 30 posttransplantation, respectively). Our perfusion studies showed restoration of MP following antirejection therapy, highlighting its potential to help monitor efficacy of antirejection therapy. Our data suggest that early endothelial cell injury and platelet aggregation contributed to the early MP decline observed in the allografts. High-resolution MP mapping may allow for noninvasive detection of heart transplant rejection. The data presented have the potential to help in the development of next-generation imaging approaches to diagnose transplant rejection.
Introduction
Despite significant advances in transplantation, heart transplant rejection and ensuing graft loss remain a major obstacle to the long-term success of heart transplantation (1,2).
Currently, right ventricular endomyocardial biopsy remains the "gold standard" test for diagnosing heart transplant rejection (2, 3) . However, cardiac biopsy is costly and invasive with known complications (e.g. tricuspid valve damage and cardiac perforation), and has notable limitations including nonuniform distribution of rejection and marked inter-reader variability (4) (5) (6) .
In response to these unmet needs, much progress has been made in developing tools for advanced gene/protein profiling in tissue, blood, and urine. However, a cost-effective, noninvasive, and widely available test for diagnosis of transplant rejection is still lacking (7) (8) (9) (10) . Standard imaging techniques such as serial echocardiography to assess ventricular wall thickness or ejection fraction are not sensitive enough to detect early intragraft inflammatory responses (11) .
Immediately following transplantation, endothelial cells lining the vasculature of the transplanted organ are in contact with bloodborne cells of the host. Through these early interactions, donor endothelial cells actively participate in the pathogenesis of allograft rejection by creating an intragraft inflammatory milieu (i.e. production of inflammatory cytokines) (12) . In contrast to the adaptive immune cells such as T cells, which need instruction to become activated against the alloantigen, the innate immune cells (such as platelets) are already equipped in participating in these early inflammatory responses. The severity of endothelial cell injury can range from early endothelial swelling and microthrombi to severe vascular immune infiltrates, thrombosis, and rupture from early to late allograft injuries (13) .
Assessing microvascular perfusion (MP) of the transplanted organ for early decline in MP may allow detection of early microvascular injury as a sensitive predictor of allograft rejection. To accurately assess MP, we used contrast-enhanced ultrasonography (CEUS), in combination with gas-filled microbubbles. With a size similar to red blood cells (1-6 lm in diameter), microbubbles remain within the vascular bed circulating in the microvasculature (14) (15) (16) . CEUS was originally used to improve right heart myocardial opacification during two-dimensional echocardiography (17) . However, its utility has expanded to a wide variety of molecular imaging techniques, drug delivery, and tissue engineering (15) . When exposed to ultrasound pulses, circulating microbubbles in the microvasculature expand and contract, generating strong echoes distinguishable from the echoes emitted from the surrounding peripheral tissue. In addition, applying a high-intensity ultrasound pulse to burst the microbubbles in a selected field, and subsequently monitoring the time and intensity by which microbubbles are resumed in the microvasculature can yield further information regarding the microvasculature patency. One of the emerging applications of CEUS is to assess the MP of tissues (18) (19) (20) (21) (22) (23) (24) . Nonetheless, the application of CEUS in the diagnosis of transplant rejection remains to be fully explored. Assessing MP of the entire organ in high resolution would be particularly important in the case of heart transplant rejection as the lesions are commonly reported to be patchy (25, 26) . Past efforts have demonstrated that distinguishing between signal and noise while trying to provide pixel-by-pixel analysis of MP of the entire organ is a challenging task (22) . Novel approaches to map MP with high spatial detail in organ transplantation may open new avenues in early transplant rejection detection.
Here, we used a high-resolution parametric perfusion map of CEUS signals to depict MP abnormalities in the transplanted organ. We focused on the pathogenic role of platelets as early recruiting cells to activated endothelium, which may explain early reduction in MP preceding graft rejection.
Materials and Methods

Mice
C57BL6/J (H-2b), BALB/c (H-2d), and B6.C-H2bm12/KhEg (BM12) mice were purchased from the Jackson Laboratory, Bar Harbor, ME. All animals were housed in accordance with Institutional and National Institutes of Health guidelines. All animal experiments were approved by the Harvard Medical School Animal Management Committee.
Murine cardiac transplantation
The vascularized cardiac grafts were transplanted intra-abdominally using microsurgical techniques as described previously by us (27) . The survival of cardiac allografts was assessed by daily palpation. Rejection was defined as cessation of cardiac contractility and confirmed by histological examination.
Platelet depletion
Adsorbed Rabbit anti-Mouse Platelet Serum (RAMPS) for reducing circulating platelet was purchased from Cedarlane (Burlington, ON, Canada). Twenty-five microliters of RAMPS was injected into recipient mice intraperitoneally, 1 day after cardiac transplantation. Transplanted hearts were harvested at day 4 postcardiac transplantation in the acute model and at day 5 postcardiac transplantation in the chronic model.
Antibodies, reagents, and microbubble contrast agent 
CEUS imaging technique
The ultrasound transducer was placed on the transplanted heart (open at midabdomen). The transducer position was fixed using a mechanical positioning system. Nonlinear contrast imaging was performed with a smallanimal ultrasound scanner (Vevo 2100; VisualSonics, Toronto, ON, Canada) using a broadband linear transducer array (13-24 MHz, MS250, VisualSonics). B-mode images were used to initially locate the graft and to optimally position the transducer over the imaging plane. MicroMarker contrast agent was infused at the rate of 13 lL/min for approximately 4 min, with a maximum dose of 65 lL per animal. A destructionreperfusion sequence was used for the estimation of MP. Nonlinear contrast images were acquired based on the principle of amplitude modulation. During image acquisition the "steady-state" level was visually determined and it was usually achieved in 80 s. High Mechanical Index (MI = 0.8, line density 512) pulses were delivered to burst the contrast agents. Refilling was observed at low MI (MI = 0.11, acquired at Frame Rate = 25 Hz for 32 s, 800 frames). The imaging plane was moved horizontally through the graft's axis to have three representative cross-sectional images. Digital cine loops of all imaging data were acquired uniformly throughout the experiments from the initiation of the contrast agent infusion to the last refilling sequence. The animal's heart rate was monitored throughout the experiment to ensure stable hemodynamic conditions.
Image processing and analysis
Audio Video Interleave (AVI) files were acquired at each pixel's intensity as described previously (24) . A Levenberg-Marquardt algorithm, which is suitable for nonlinear data-fitting problems, was used to solve for the perfusion parameters. Regions of interest (ROI) corresponding to the myocardium were manually extracted for analysis from B-mode images using cubic spline interpolation of user-defined boundary points. The corresponding contrast images for each ROI were spatially averaged to yield a single time-curve. Artificially hyperechogenic regions and regurgitations in large vessels (consequence of the transplant surgery) were excluded from the ROI selection. A 25-point median filter was applied at multiple stages to the time series in order to mediate motion artifacts (respiratory or bulk motion) and increase the signal-to-noise ratio of single-pixel data for high spatial resolution perfusion mapping.
Histology, immunohistochemistry, and immunofluorescence
Grafts were embedded in paraffin or Tissue-Tek OCT Compound (Sakura Finetek, Torrance, CA) and frozen. Paraffin sections were stained with hematoxylin and eosin (H&E), as well as for von Willebrand factor (vWF) using Leica Bond Polymer Refine detection kit (Leica Microsystems Inc, Buffalo Grove, IL) and rabbit polyclonal antibody in 1:400 dilution (vWF antibody, Dako North America, Carpinteria, CA) raised against mice and human vWF. Trichrome staining was used to visualize fibrotic tissue in the transplanted grafts. Verhoeff's elastic stain was used to demonstrate the elastic fibers in the arterial and arteriolar vessel wall. Immunofluorescence staining was performed on OCT-embedded tissues sections. Platelets were stained using the platelet-specific rat anti-mouse CD42b (GPIba; Emfret Analytics, Eibelstadt, Germany). Endothelial cells were stained with the endothelium-specific goat anti-mouse endoglin (Millipore, Billerica, MA) or rabbit anti-mouse vWF (Emfret Analytics) antibodies. Goat anti-rat AlexaFluor 568, goat anti-mouse AlexaFluor 488, or goat anti-rabbit AlexaFluor 488 (Life Technologies, Grand Island, NY) were used as secondary antibodies. The fluorophore-conjugated anti-CD3 and F4/80 macrophage antibodies were purchased from eBioscience (San Diego, CA) and ATCC (Manassas, VA). Sections were then mounted with anti-fade medium with DAPI (Life Technologies) and analyzed using a FluoView FV-10i Olympus Laser Point Scanning Confocal Microscope (Olympus, Center Valley, PA). The percentage of area covered by platelets was quantified using Image J in five different fields in each sample.
Histology scores
Four sections of H&E from one heart were observed for histological scoring (four sections/heart, three mice per group). For lymphocyte infiltration scoring, each one section of heart was divided into six parts, and lymphocyte infiltration was graded using a scale modified from the International Society for Heart and Lung Transplantation (0, no lymphocyte infiltration; 1, less than 25% lymphocyte infiltration; 2, 25-50% lymphocyte infiltration; 3, 50-75% lymphocyte infiltration; 4, more than 75% lymphocyte infiltration with hemorrhage and/or necrosis) for each part, then taken an average of six parts for one section. The average from four sections was used as lymphocyte infiltration score of observed heart. The severity of vasculopathy was determined by a combination of vascular occlusion score and perivascular lymphocyte infiltration score for each vessel, and the average was taken. Vascular occlusion was scored from grade 0 to 3. The grades were defined as follows: grade 0 (no or minimal <10% occlusion), grade 1 (10-50% occlusion), grade 2 (50% to 75% occlusion), and grade 3 (more than 75% occlusion). The perivascular lymphocyte infiltration was scored as grade 0 (no lymphocyte infiltration), grade 1 (mild lymphocyte infiltration), 2 (moderate lymphocyte infiltration), and 3 (severe lymphocyte infiltration) and then added to the vascular occlusion score (final score is from 0 to 6).
Electron microscopy (EM)
Tissue was fixed in Karnovsky's glutaraldehyde-based fixative and stored at 4°C and processed using standard methods. Toluidine blue-stained sections of plastic embedded tissue were examined to select areas for ultrastructural review, which was done on a FEI Morgani electron microscope. Images were captured using AMT Advanced Microscopy 2K CCD Digital Camera.
Statistical analysis
Student's t-test was used to determine significant differences. A p value of <0.05 was considered to be significant. Results are expressed as means AE SD. SPSS 21 (IBM, Armonk, NY) was used for statistical analysis.
Results
Detecting acute heart allograft rejection using highresolution parametric MP mapping Heart transplants were performed in two groups of syngeneic (C57BL6/J hearts into C57BL6/J recipients) and allogeneic recipients (BALB/c into C57BL6/J recipients). CEUS images were acquired following MicroMarker contrast agent administration. High-resolution perfusion maps showed a gradual decrease in the allograft perfusion on days 4, 6, and 8 posttransplantation as compared to syngeneic grafts ( Figure 1A ). Parametric maps show signal intensity change over 800 frames for each imaging series. Red and yellow colors represent higher echo intensity change and higher MP, respectively, whereas dark blue indicates no perfusion. By day 8 posttransplantation, MP was measurable in allogeneic grafts only in the septum and the epicardial layer of the left ventricle, while in the syngeneic grafts, no significant changes were found in the MP throughout the 8-day imaging period ( Figure 1A ). In addition, no significant difference was found between the animal's heart rate in the individual experimental groups (data not shown).
Perfusion analysis strongly correlated with the histology data of acute cellular rejection. In the allogeneic group, mild inflammation was evident on day 4 posttransplantation, with progression toward end stage rejectioncellular infiltrates, massive bleeding, and development of vascular thrombi-by day 8 ( Figure 1B) . Additionally, the CD3 immunostaining showed progressive infiltration of CD3 positive T-lymphocytes, which also peaked on day 8 posttransplantation (Figure S1A). A similar trend was observed with F4/80 positive macrophage infiltration (Figure S1B ).
Once the microbubbles saturated the contrast image, a high MI was delivered to burst the bubble. As the contrast reperfused in the organ transplant, the average plateau intensity values were then calculated. In the acute rejection model, perfusion curves confirmed a sharp and progressive decrease in MP in allogeneic animals on days 4, 6, and 8 posttransplantation ( Figure 1C ). In syngeneic animals, the graft myocardium perfusion did not change significantly between the different days of imaging ( Figure 1C) . In allogeneic grafts, average echo intensity index (units AE SD) on days 4, 6, and 8 posttransplantation were 14 AE 3, 10 AE 6.5, and 1.8 AE 2.7 as compared to 23 AE 6.5, 28 AE 14, and 23 AE 5 in the syngeneic grafts, respectively ( Figure 1D , n = 3-5, p < 0.05). These results indicate that MP levels in allogeneic grafts were lower by 40%, 64%, and 92% on days 4, 6, and 8 posttransplantation, respectively, when compared to syngeneic grafts. The early accumulation of platelets in vessels in response to potential ischemia-reperfusion injury was tested in syngeneic and allogeneic grafts on day 2. There was no platelet adhesion on the vessels at this early time point (data not shown).
Utility of CEUS in monitoring the effects of allograft rejection therapy
Cardiac allograft recipients were treated with anti-CD3 antibody (100 lg i.p.) on day 4 posttransplantation. Figure 2(A) shows the parametric perfusion maps of the anti-CD3 treated and untreated animals on days 6 and 8 posttransplantation. Heart allograft recipients treated with anti-CD3 antibody showed resolution of MP impairment as compared to allografts from untreated recipients, which showed marked reduction in MP in the entire graft (the only measurable perfusion was in the septal area). Figures 2(B and C) show the histological analysis of the cell infiltration and vasculopathy scores in syngeneic, allogeneic, and anti-CD3-treated allogeneic grafts.
Following anti-CD3 treatment, heart allografts showed significantly reduced cell infiltration and vasculopathy scores as compared to nontreated allografts, which showed great increase in cell infiltration and vasculopathy scores over time (day 4, 6, and 8 posttransplantation). A strong correlation was found between the MP and the cell infiltration score (R = À0.74, p = 0.02) and MP and vasculopathy score (R = À0.82, p = 0007) in nontreated allografts.
Early platelet accumulation in allografts
The paucity of lymphocytic and macrophage infiltrates in the heart allografts in early posttransplant rejection (day 4 posttransplantation) was contrasted with the reduction in perfusion as early as day 4. We tested the hypothesis that early platelet aggregation and microvascular injuries, such as endothelial swelling and Use of MP mapping to detect acute heart allograft rejection. Parametric perfusion maps of syngeneic and allogeneic heart grafts show a progressive decline in tissue perfusion in the allogeneic heart grafts as compared to the syngeneic groups over time. On day 8 posttransplant, MP was markedly reduced in the allogeneic hearts. Red and yellow colors represent higher echo intensity change and higher MP (A). Hematoxylin and eosin staining shows an increasing number of inflammatory cells infiltrating the allogeneic heart allografts over time as compared to the syngeneic groups. On day 8 posttransplant, full manifestations of acute heart transplant rejection (including massive cell infiltrate and vascular thrombi) were noted in the allogeneic graft tissue (B). High Mechanical Index pulses (arrows), which appear in the signal as a sudden increase in the echo intensity, were delivered to burst the microbubbles in the imaging plane. The intensity curves indicate lower plateau values in heart allografts as compared to syngeneic grafts. The time for reappearance of the microbubbles is longer, as represented by the lower slope of the perfusion curves in allograft compared to syngeneic grafts (C). The diagram shows the average echo intensities for syngeneic and allogeneic grafts on day 4, 6, and 8 posttransplantation. A much higher echo intensity unit (i.u.) was observed in the syngeneic groups on each examined day as compared to the allogeneic groups (D) (*p < 0.05, n = 3 to 5 mice in each group). MP, microvascular perfusion.
microperfusion, might have contributed to the early MP defects in the allogeneic grafts. Sections of the hearts were stained for platelets and vWF. In allografts, we found numerous platelets, accumulated to the subepicardial vessel wall with close proximity to endoglin and vWF positive-endothelial cells. Electron microscopic ultrastructural analysis showed that platelets accumulated in the intracapillary area only in the Following anti-CD3 treatment, heart allografts showed reduced cell infiltration (B) and vasculopathy scores (C) as compared to nontreated allografts. *p < 0.05, **p < 0.01, ***p < 0.001, n = 3-5 mice in each group. MP, microvascular perfusion. allogeneic grafts. In contrast, syngeneic grafts showed no platelet accumulation in the capillaries ( Figure 3A) . As shown in Figure 3(B) , there was a significantly greater platelet infiltrate in the allografts as compared to syngeneic grafts (1.9 AE 0.6 vs. 0.06 AE 0.04% area covered by platelets in the allogeneic vs. syngeneic grafts, respectively, p < 0.01, n = 3 in each group).
To show the functionality of platelet aggregation or accumulation as a contributor to the decline in MP, we performed heart transplants and treated the recipients with an integrin inhibitor cRGD (Cyclo [Arg-Gly-Asp-D-PheVal]), which has been shown to interfere with platelet adhesion (28) . Figure 3(C) shows the parametric perfusion maps of the anti-cRGD (integrin inhibitor) treated and untreated allogeneic grafts on day 4 posttransplantation. The anti-cRGD-treated allogeneic grafts showed much better MP than untreated allogeneic grafts (average echo intensity index [units AE SD] on day 4 posttransplantation, 31 AE 10 vs. 15 AE 4, respectively, n = 3, p < 0.05; Figure 3D ).
In order to further support the role of platelet in MP decline during acute rejection, we depleted the platelets with an antiplatelet antibody (RAMPS), which showed marked reduction of platelet posttreatment ( Figure 3E ). Figure 3(F) shows the average MP in untreated syngeneic, platelet-depleted, and allogeneic allografts (n = 3-5). The MP was significantly lower in the untreated allografts as compared to plateletdepleted graft perfusion (average echo intensity index [units AE SD] on day 4 posttransplantation, 14 AE 3 vs. 25 AE 1, respectively). There was no difference in MP between the platelet-depleted and syngeneic groups.
Utility of parametric high-resolution perfusion mapping in detecting chronic heart allograft rejection We then evaluated the ability of our imaging platform to detect chronic cardiac allograft rejection, which is a major barrier to long-term survival following heart transplantation. We used a single MHC mismatch model (BM12 hearts into C57BL6/J recipients) as described previously (29, 30) . We imaged the transplanted hearts on days 5, 14, and 30 posttransplantation to assess MP with high spatial and temporal resolution. Parametric perfusion maps depicted a decline in perfusion as early as day 5 posttransplantation (Figure 4A ). The MP decreased significantly in the allogeneic grafts over time from days 5 to day 30 posttransplantation as compared to the syngeneic grafts, which did not show a decline over time (Figure 4A) . Correlating with our perfusion maps, histological examination of heart allografts demonstrated cellular infiltration and increased vWF expression (Figures 4B and  C) . Immunophenotyping showed a progressive accumulation of CD3 lymphocytes ( Figure S2A ) and F4/80 positive macrophages over time ( Figure S2B ). The control (syngeneic) graft did not demonstrate such inflammatory responses ( Figures 4B and C, S2A and B) .
We also evaluated the plateau intensity values, which indicated significant MP decrease ( Figure 4D ) in the whole allograft. The average MP index in the myocardium of the chronic allograft rejection model was substantially less than in the syngeneic grafts (18 AE 6, 17 AE 6, and 3 AE 2 vs. 26 AE 3, 25 AE 3, and 36 AE 3 units at days 5, 14, and 30, respectively; n = 3-4, p < 0.05), indicating that the MP decreased by 33%, 33%, and 92%, respectively ( Figure 4E ). The MP maps showed a steady level of perfusion from the time of transplantation to day 30 posttransplantation in syngeneic grafts. Notably, our MP study showed a decline in perfusion at day 5 posttransplant at a time point when histology did not show marked changes indicative of chronic rejection. The classical histological evidence of chronic rejection was observed around day 30 posttransplant.
We also used similar platelet depletion strategy in our chronic rejection model to examine the role of platelet as a contributor to the decline in MP seen in our heart grafts. The average MP in untreated allografts was 18 AE 6 as compared to 26 AE 3 in platelet-depleted grafts (average echo intensity index [units AESD] on day 5 posttransplantation, n = 3-4, p < 0.05). There was no difference found in MP between the platelet-depleted and syngeneic grafts ( Figure S2C ). Early platelet accumulation in the pericardial microvasculature in the acute rejection model. Heart tissue sections of syngeneic and allogeneic grafts were stained with the platelet-specific antibodies, CD42b (red) and anti-endoglin (green), or anti-vWF antibodies to visualize the endothelium (green). DAPI was used as nuclear counterstaining. On ultrastructural images of transplanted hearts, platelet aggregation was found in the capillaries of the allografts. Syngeneic, original magnification, 56009; allogeneic, original magnification, 18 0009. *Red blood cell; **Endothelial cell; ***Platelet (A). Significantly more platelet infiltration was found in allogeneic grafts as compared to syngeneic grafts (p < 0.01, n = 3) (B). MP response to anti-cRGD treatment: high-resolution perfusion map (C) and average MP of the allogeneic heart myocardium at day 4 posttransplantation (D). Animals treated with anti-cRGD demonstrated higher MP than untreated animals (n = 3 mice/group, p < 0.05). Animals were injected with RAMPS 1 day posttransplantation and showed %90% of platelet reduction 1 day after injection (Day 0: 0.998 9 10 7 /lL, Day 1: 0.09 9 10 7 /lL, n = 5/each group, p < 0.0001) and the platelet count recovered gradually (E). The allogeneic graft perfusion was significantly (p < 0.05) lower than the syngeneic or the platelet-depleted graft perfusion (n = 3-5 in each group). No difference was found in MP between the plateletdepleted and syngeneic graft (F). DAPI, 4 0 ,6-diamidino-2-phenylindole; MP, microvascular perfusion; NS, not significant; RAMPS, Rabbit anti-Mouse Platelet Serum; vWF, von Willebrand factor.
Discussion
Heart transplantation has emerged as a routine lifesaving strategy for patients with end-stage heart disease. About 14% of heart transplant recipients experience a treated episode of rejection within the first year. The incidence of chronic rejection increases over time in cardiac transplant patients with approximate incidence time of %40% at 5 years posttransplant (31) (32) (33) . Similar rates of transplant rejection have also been reported using other organs such as kidneys (34) . Organ transplant biopsies remain the "gold standard" for diagnosing allograft rejection in solid : Utility of high-resolution parametric perfusion mapping to detect chronic heart allograft rejection. Parametric perfusion maps of syngeneic and allogeneic grafts on days 5, 14, and 30 posttransplantation show a sharp and progressive decline in MP in the allogeneic grafts over time. On day 30 posttransplantation, minimum MP was noted in the heart allografts as compared to the syngeneic grafts. Red and yellow colors represent higher perfusion (A). On day 30 posttransplantation, massive cell infiltrates were noted and the majority of the vessels were filled with thrombi in the allogeneic graft tissue (magnification 209, scale bar 100 lm) (B).
Progressive vWF positivity noted in heart allografts over time from day 5 to day 30 posttransplantation (magnification 209, scale bar 100 lm) (C). As compared to the syngeneic group, the perfusion curves in the allogeneic grafts have a decreasing plateau value over time. The slower slope of the curve in allogeneic grafts indicates the longer time needed for the microbubbles to replenish the imaging plane (as compared to syngeneic grafts). "Burst" pulses are indicated with arrows. (D). The diagram of the average MP in chronic rejection shows the average echo intensities for syngeneic and allogeneic grafts myocardium on days 5, 14, and 30 posttransplantation. A much higher echo intensity unit (i.u.) was observed in the syngeneic groups on each examined day as compared to the allogeneic groups (*p < 0.05, n = 3 to 4 mice, echo intensity unit = i.u.) (E). MP, microvascular perfusion; vWF, von Willebrand factor.
organ transplantation, but are invasive, costly, and carry significant risks (4, 35) . Furthermore, biopsy lacks sensitivity due to sampling error, and suffers from significant variability in reporting the pathological results. Importantly, histological lesions required to define graft rejection typically determine established lesions and may not allow application of early intervention (25, 26, 36) . These limitations underscore the need for a diagnostic test for heart transplant rejection that is noninvasive, accurate, and costeffective for widespread clinical use. There have been major efforts to develop biomarkers (using gene expression and protein profiling) as a noninvasive method for the diagnosis of allograft rejection. However, due to many limitations (including nonreproducibility, cost, and impracticality), these techniques have not been fully integrated into clinical practice. Here, we report developing a novel imaging platform that not only correlates strongly with both acute and chronic rejection, but also has the potential to identify patients at risk for rejection and to assess the efficacy of antirejection therapy. (39) . The accumulation of platelets and fibrin during rejection of renal transplants has long been demonstrated (40, 41) . Nonetheless, the implication of platelets in transplant rejection remains underexplored, as the primary focus of transplant research has been on adaptive immune cells. The importance of platelets in the pathogenesis of graft rejection has been recognized by a number of studies; for example, they have been reported to enhance the recruitment of inflammatory cells (42, 43) . Studying polymorphisms of the ITGB3 gene encoding b3 integrin (important in platelet junction) could identify patients at risk for renal transplant rejection (44). Our study not only emphasizes the role of platelets in early vascular inflammation, but also stresses the importance of further examining the role of platelets in allograft rejection and treatment.
In contrast to prior studies where MP was estimated over a subjectively selected region of interest using CEUS, our study used a custom-designed algorithm, which provided high-resolution MP estimation based on plateau image intensity data (18) (19) (20) (21) (22) (23) . The high-resolution, pixel-by-pixel parametric perfusion maps indicated subtle, regional dysfunction in graft perfusion earlier than seen with histology, suggesting that the method can be used as a truly early diagnostic modality. The high-resolution parametric perfusion maps allow depiction of early regional perfusion dysfunction, which is especially relevant in organ rejection, because of the irregular appearance of the immune response.
Our study focuses on a high-resolution imaging technology to readily assess the status of the microvasculature early on post solid organ transplantation. We used a murine model of heart transplant, which is the most widely used model to study solid organ transplant rejection. The rate and timing of rejection is highly predictable in this model, which makes it an ideal one to corroborate with imaging data.
In future studies, we plan to examine the importance of CEUS in further differentiating the causes of early allograft dysfunction, including the types of rejection (cellular vs. antibody-mediated), prolonged ischemia, and/or calcineurin inhibitor toxicity. It is likely that the pattern of MP defect varies among these conditions. These studies may require more targeted imaging together with CEUS. Our microbubble has a lipid shell. Several generations of microbubbles have been developed using various shell-stabilizing materials including albumin and phospholipid (45) . While lipidbased microbubbles display longer half-life, their superiority to albumin-based shells remains to be explored, especially given that the events to be measured occur within seconds. Lipid-based microbubbles might be uptaken by large numbers of macrophages harbored within the rejected grafts. This may constitute an interesting approach of using lipid-based microbubbles for targeted imaging.
There are a number of studies that used microbubbles with targeted ligands for adhesion molecules that accumulate at the sites of injury (46) (47) (48) (49) . However, the expression of these molecules could change due to a number of variables, including the type and potency of immunosuppressive agents used in different transplant cohorts. Although it remains to be proven, our highresolution perfusion mapping using CEUS represents a powerful tool to assess microvascular inflammation that is shared by allograft rejection across populations and organs. Our diagnostic platform may allow the detection of early allograft inflammation before even the targeted molecules are significantly upregulated. Endothelial interaction with leukocytes and resulting microvascular inflammation is a universal pathological feature of organ rejection. This imaging platform could allow clinicians to apply early interventions before the development of advanced organ lesions. Finally, the high-resolution perfusion maps have the potential to detect restoration in MP following antirejection therapy. These studies may allow tailoring of the intensity and duration of therapies, which are currently carried out blindly.
Lastly, our study could potentially guide clinicians to obtain tissue from specific sites where perfusion is reduced and thereby reduce sampling error. Contrast agents are US Food and Drug Administration approved and currently available for imaging left ventricular structure and function at rest and during stress (50) . Given the safety profile of microbubbles and its easy-to-use feature, CEUS could be integrated into the widespread standard of care of heart transplant patients (51) . Much work needs to be carried out to dissect the impacts of other factors that could alter the MP such as the effect of calcineurin inhibitors or ischemia-reperfusion injuries. It would be of interest to examine the pattern of MP defects in these settings compared with the ones of transplant rejection. Whether such technology allows differentiation between humoral and cellular rejection is a highly interesting subject, which deserves attention. In future studies, we will also examine the utility of this technique in assessing the robustness of tolerogenic transplant protocols.
In summary, our novel imaging platform has the clinical potential to greatly improve the outcome of heart transplantation by enabling physicians to predict, diagnose, and monitor treatment of acute and chronic forms of transplant rejection.
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